Introduction
============

Once considered primarily as a component of the body's responses to injury and infection, inflammation is now also known to be an important component of neuronal function and dysfunction. Here we consider recent evidence of these roles of inflammation and its potential as a therapeutic target in major depressive disorder (MDD). MDD is a heterogeneous, recurrent, and debilitating disease that has a high prevalence worldwide, has unknown etiology, and is inadequately treated in approximately two-thirds of patients ([@B177]). During the last two to three decades inflammation has emerged as an important factor contributing to MDD ([@B142]) and evidence is emerging that it may provide a new target for therapeutic intervention.

Immune System and Depression
============================

The Innate and Adaptive Immune Systems
--------------------------------------

The immune system is a complex network of many types of immune cells and secreted factors that contribute to regulating inflammation in all tissues of the body. The immune system constantly surveys its environment to ensure health and is activated following infection for pathogen clearance, following tissue damage to support repair and by psychological stress.

The immune system is commonly characterized as consisting of two arms: the innate immune system and the adaptive immune system, even though both the innate and adaptive immune systems communicate and cooperate with each other to direct pro- and anti-inflammatory responses with the main goals of eradicating pathogens and restoring homeostasis. Cytokines and chemokines, which are produced during innate and adaptive immune responses, are thought to mediate some of these effects, particularly by mobilizing and modulating the function of immune cells. The innate immune system composed of antimicrobial peptides and myeloid lineage cells (e.g., monocytes/macrophages, dendritic cells, neutrophils, and others) is the first line of response to pathogens or insults. Innate immune cells are sentinels that constantly survey the environment for non-self signals, using pattern-recognition receptors \[e.g., Toll-like receptors (TLRs)\] that recognize common microbial features (virus, bacteria, fungi, parasites) or other damage signals. If the innate immune system fails to resolve the insult, a second line of defense by the adaptive immune system is activated. While the innate immune response occurs quickly, the adaptive immune response, composed of lymphocytes and secreted antibodies, relies on the proliferation and differentiation of antigen-specific T cells and B cells that requires time to be mounted ([@B43]). The advantage of the adaptive immune response is the selectivity for antigen, since the T cell-receptor and B cell-receptor systems provide a pathogen-tailored immune response. In addition, the adaptive immune system is thought to be responsible for immunological memory which is critical in the case of re-exposure to the same antigen.

It is important to note that within each organ, there are also often specialized immune cells, such as microglia in the central nervous system (CNS). Microglial cells derive from a myeloid lineage in early development when they colonize the neural tube. It was thought for a long time that microglial cells were the only immune competent cells to mediate immune responses in the CNS because the CNS was thought to be isolated from the immune system by the presence of the blood--brain barrier (BBB) that prevents the free entry of immune cells into the CNS. However, recent evidence shows that immune cells can infiltrate the CNS ([@B101]). In addition, stress, the most common factor that precipitates depressive episodes, has been shown to induce inflammatory responses both in the brain and in the periphery by activating similar pathways (e.g., TLRs) that are activated by pathogens on innate immune cells. Here, we review the role of both the innate and adaptive systems in MDD and their potential contributions to disease.

Roles of the Innate Immune System in Mouse Models of Depression and in MDD Patients
-----------------------------------------------------------------------------------

A diverse array of evidence has been reported implicating the innate immune system involvement in the pathology of MDD ([@B81]). It has been known for decades that MDD patients often have elevated levels of circulating granulocytes and monocytes ([@B122]; [@B117]; [@B187]), pro-inflammatory cytokines and their receptors, acute phase proteins, chemokines, and prostaglandins ([@B141]), indicative of activation of the peripheral immune system in MDD. Similarly, an increased number of circulating monocytes has been observed in mice exhibiting depressive-like behaviors ([@B46]) and neutralization of monocytes is sufficient to reduce depressive-like behaviors ([@B227]). While examining the mechanisms whereby monocytes promote depressive-like behaviors, it has been proposed that this is due to secretion by monocytes of cytokines that are capable of promoting depressive-like behaviors ([@B141]). Furthermore, activated peripheral monocytes traffic to the brain vasculature and parenchyma during the induction of depressive-like behavior, triggering inflammation in the CNS and therefore contributing to the pathophysiology of depression ([@B220]). Monocytes infiltrate and colonize brain regions associated with depression and anxiety in mice exposed to social defeat stress ([@B181]). Conversely, depressive-like behavior induced following peripheral organ inflammation is reversed by blocking the brain infiltration of monocytes ([@B44]). This points out the importance of the influx of peripheral innate immune cells such as monocytes into the brain to maintain depressive-like behaviors. Among the mechanisms proposed for the increase of brain monocytes after stress is increased release of bone marrow derived monocytes to the bloodstream after stimulation by catecholamines produced by the sympathetic nervous system after stress ([@B219], [@B220]; [@B70]). Once released, monocytes are recruited to the brain upon receiving signals secreted by activated microglia, including two key chemokine receptors, chemokine receptor-2 (CCR2) and fractalkine receptor (CX3CR1) ([@B44]; [@B220]). Once in the brain, monocytes recruited by microglial cells are thought to produce interleukin (IL)-1β, which promoted anxiogenesis through the activation of neurovascular IL-1R1 ([@B130]). Consistent with the presence of monocytes in the brain of mice exhibiting depressive-like behaviors, post-mortem analyses showed increased numbers of perivascular tissue resident macrophages associated with elevated levels of the C--C chemokine ligand 2 (CCL2) in the brain of MDD patients ([@B207]). These and other studies indicate that peripheral innate immune cells are activated and reach the brain in depression and animal models of depression.

Role of Astrocytes and Microglia in Mouse Models of Depression and in MDD Patients
----------------------------------------------------------------------------------

Both astrocytes and microglia have been implicated as contributing to the pathophysiology of depression. MDD is associated with loss and hypotrophy of astrocytes ([@B41]; [@B137]). This mainly occurs in the frontolimbic systems that are relevant for major depression ([@B152]; [@B163]; [@B136]; [@B35]; [@B5]; [@B60]; [@B164]; [@B207]; [@B145]; [@B168]; [@B32]; [@B131]; [@B175]). Interestingly, there is no astrogliosis in MDD patients, which contrasts with the prominent astrogliosis that commonly occurs in patients with neurodegenerative diseases. Loss and shrinkage of astrocytes also have often been reported in mouse models of depression ([@B37]; [@B164]; [@B178]). That reduced astrocyte functions may contribute to depression is supported by the finding that elimination of astrocytes from the rat prefrontal cortex (PFC) is sufficient to induce depressive-like behaviors ([@B7]). Antidepressant treatments reverse these stress-induced astrocytic morphological changes to restore astrocytic function, as well as reverse associated depressive-like behaviors ([@B164]; [@B168]). These findings support the current theory that astrocytic dysfunction contributes to the pathophysiology of MDD and that the cellular actions of antidepressants may correct or compensate for impaired function of astrocytes ([@B123]; [@B37]).

Promotion of depression by impaired astrocyte function may be due to consequential neuronal damage, including induction of neuronal excitotoxicity, because of the roles of astrocytes in supporting neuronal function by the uptake of synaptic glutamate or the production of growth factors ([@B197]). Consistent with this, astrocyte density ([@B136]) and synapse-related genes ([@B92]) are both decreased in the dorsolateral PFC of MDD patients. In addition, knockout of the astrocytic glutamate transporter GLT-1, which is important for the reuptake of extracellular glutamate, in the lateral habenula of mice, is sufficient to induce depressive-like behaviors ([@B36]). Altogether, these findings suggest that loss of astrocytes might promote depression by impairing neuronal functions.

Many other functions of astrocytes are altered in depression, including formation of gap junctions, neurotrophic support, energy metabolism, water homeostasis, γ-aminobutyric acid (GABA) and monoamine recycling, and gliogenesis, and antidepressant treatments tend to reverse most of these alterations ([@B204]; [@B193]; [@B37]; [@B69]; [@B83]; [@B173]; [@B47]; [@B197]; [@B23]; [@B89]; [@B124]; [@B164]; [@B162]; [@B145]; [@B168]; [@B18]). Therefore, it remains to be determined by which mechanism(s) astrocytic atrophy promotes depression. In addition, it is unclear what causes astrocytic atrophy in MDD patients and whether this atrophy results from an inflammatory process in the brain mediated by immune cells.

Microglial cells have been shown to be activated in various brain regions of MDD patients, including in the dorsolateral PFC, anterior cingulate cortex, mediodorsal thalamus, insula and hippocampus, both in post-mortem tissue and by positron emission tomography (PET) imaging ([@B198]; [@B183]; [@B188]). Activation of microglia often is the consequence of increased inflammation in the brain ([@B39]; [@B169]; [@B9]; [@B195]; [@B42]; [@B90]; [@B166]; [@B132]; [@B142]; [@B214]; [@B67]). Characterization of microglia in mouse models of depression showed that microglial cells adopt an activated phenotype expressing surface markers such as major histocompatibility complex (MHC) class II, CD86 or CD54 ([@B214]) and producing pro-inflammatory cytokines \[e.g., IL-1β, IL-6, tumor necrosis factor α (TNFα)\] ([@B26]), toxic molecules (e.g., nitric oxide) or extracellular vesicles, such as exosomes, which might be responsible for propagating inflammatory signals throughout the brain ([@B58]). Microglial cells, once activated, are often eliminated ([@B102]). In a model of unpredictable chronic stress, it was shown that after a first phase of microglial activation, microglial cells decrease in number in the hippocampus of stressed mice, whereas the blockade of microglia activation was sufficient to prevent the reduction in microglia number, and the induction of unpredictable chronic stress-associated depressive-like behaviors ([@B102]). In contrast, neuroprotective microglia diminish in the hippocampus ([@B21]), PFC ([@B78]), and amygdala ([@B65]) after chronic stress.

Microglial cells express several inflammatory pathways that are responsible for cytokine production, including TLR pathways. Microglial cells are the main producers of cytokines in the brain after exposure to stress. In response to stress, microglial cells are activated by molecules called alarmins, danger-associated molecular pattern molecules, or damage-associated molecular pattern molecules. For example, the protein high mobility group box-1 (HMGB1) is up-regulated and it activates the TLR4 and receptor for advanced glycation end-products (RAGE) pathways resulting in increased production of proinflammatory cytokines ([@B217]; [@B57]). Central administration of HMGB-1 also induces depressive-like behaviors ([@B224]; [@B29]; [@B57]), altogether suggesting that up-regulation of alarmins such as HMGB1 contribute to the development of depressive-like symptoms by activating microglial cytokine production. Additionally, cytokines, such as TNFα, also can disrupt BBB permeability, raising the possibility that increased BBB permeability caused by microglia-derived cytokines contributes to depression ([@B133]; [@B28]) by promoting the infiltration of peripheral inflammatory molecules and immune cells ([@B219], [@B220]).

Microglial cells contribute to synaptic pruning by phagocytosis of synapses during development but also possibly during adulthood ([@B94]; [@B143]; [@B215]; [@B221]). Therefore microglia can modulate neuronal circuits ([@B215]), and these processes can increase the production of neurotrophic factors in response to neuronal stimulus ([@B146]). Therefore, microglia activation has direct effects on neuronal function. Microglia activation impedes microglia-neuron communication via the CX3CR1-fractaline pathway after chronic stress ([@B34]; [@B139]). Furthermore, stress-induced anxiety- and depressive-like behaviors are associated with increases in neuronal colony stimulating factor 1 (CSF1) which activates microglial phagocytosis of synaptic elements in the medial PFC. This demonstrates the importance of reshaping neuronal connectivity by the neuronal-activated microglia communication in promoting depressive-like behaviors ([@B221]). Moreover, microglial activation after stress-induced depressive-like behavior induces the activation of the kynurenic acid pathway ([@B90]), leading to the depletion of monoamines and the production of quinolinic acid ([@B199]), and ultimately to the dysregulation of monoaminergic and glutamatergic circuits ([@B90]). Consistent with the fact that microglial cells are particularly enriched in the hippocampus, a brain region relevant for stress response and neuroplasticity, the role of microglia appears to be critical for maintaining neuronal homeostasis and neurotransmission, whereas activation of microglia by stress alters this equilibrium, which can promote susceptibility to depressive-like behaviors.

Role of the Adaptive Immune System (T Cells and B Cells) in Mouse Models of Depression and in MDD Patients
----------------------------------------------------------------------------------------------------------

In addition to increased peripheral monocytes, atrophy of astrocytes, and increased activation of microglia, MDD patients also exhibit decreased numbers of circulating T cells and a reduction in regulatory B cells ([@B1]), suggestive of a dysregulation of the adaptive immune system in MDD patients. In addition, T cells from MDD patients have a reduced capacity to respond to stimulation, indicative of an immunosuppressed phenotype of T cells in MDD ([@B73]; [@B229]; [@B85]). Besides a global immunosuppression of T cells in MDD, there are also alterations of the T helper (Th) (CD4^+^) and T cytotoxic (CD8^+^) cells in MDD patients. Both Th (CD4^+^) and T cytotoxic (CD8^+^) cells have altered activities in MDD patients exemplified by an increase of the ratio of CD4^+^ T cells relative to CD8^+^ T cells, suggestive of an increase of CD4^+^ cells and/or a decrease of CD8^+^ cells favoring the Th cells. Differentiation of the different subsets of CD4^+^ Th effector cells, Th1, Th2, Th17, and regulatory T cells (Tregs) require specific cytokines, antigen presentation, and co-stimulatory signals for the production of each subtype. Evaluation of the differentiation status revealed a decrease in circulating Tregs (reviewed in [@B112]; [@B126]; [@B206]) and an increase in the Th1/Th2 ratio ([@B144]), whereas circulating Th17 cells are increased in MDD patients ([@B27]). These findings indicate that there is a massive remodeling of the Th compartment in MDD patients that might be dictated by the cytokine milieu present in MDD patients. The exacerbation of the Th2 responses in MDD or asthma patients might contribute to the higher rate of both MDD in asthma patients ([@B212]), and asthma in MDD patients ([@B191]). However, further studies are required to identify the underlying mechanisms. Mice exhibiting depressive-like behaviors also show increased levels of brain Th1 and Th17 cells ([@B14]). Although the contribution of these various Th cells to MDD pathology remains to be determined, it is worth noting that administration of Th17 cells is sufficient to promote depressive-like behaviors in mice ([@B14]). Recent findings revealed that the Th17 cells that accumulate in the brains of mice exhibiting depressive-like behavior express characteristics of both pathogenic Th17 cells and of follicular T cells ([@B15]). To further corroborate the notion that T cell alterations contribute to MDD, antidepressant treatments have been shown to restore the Th1/Th2 imbalance in MDD patients ([@B126]), which may be mediated by increasing Treg levels ([@B77]). Together these findings suggest that T cell alterations are present in MDD patients and might contribute to the development and maintenance of MDD.

The role of T cells in modulating mood and behaviors has mainly been studied in the context of examining the effects of the absence of T cells using lymphopenic mice devoid of both T cells and B cells. T cells have been shown to be beneficial to brain function through neuroprotective roles ([@B140]; [@B52]), providing continual brain immune surveillance ([@B109]), and promoting neurogenesis ([@B228]), cognition ([@B184]), and mood ([@B74]). Thus, CNS-targeted T cells promote brain health and function, supporting the notion of "protective autoimmunity" ([@B171]; [@B110]; [@B111]). Similarly, immunization of mice with a modified CNS antigen to generate weak CNS-autoreactive T cells protected mice from the development of depressive-like behavior following stress ([@B33]; [@B111]). However, T cells may not require CNS-specificity to be beneficial to the CNS, as adoptive transfer of lymphocytes to lymphopenic mice rescues sociability deficits displayed by lymphopenic mice ([@B53]) and confers antidepressant-like effects ([@B31]). These results suggest that T cells contribute to normal affective behavior in mice by supporting an adaptive response to stress ([@B74]). Furthermore, administration of splenocytes from socially defeated mice, but not from unstressed mice, protects lymphopenic recipient mice from the effects of social defeat and confers both anxiolytic and antidepressant-like effects ([@B20]; [@B182]), suggesting that stress may produce changes in T cells that promote resilience to future stress. These beneficial effects of T cells contrast with the deleterious effects of T cell subsets in autoimmune diseases, where subsets of T cells drive pathogenicity. It is possible that in depression, similar deleterious roles of T cell subsets exist, whereas most of the studies have been focused on the overall importance of T cells in mediating depressive-like behaviors using lymphopenic mice.

Cytokines In Depression and Pathways Controlling Inflammation In Depression
===========================================================================

Overview of Meta-Analyses of Cytokine Levels in Depressed Patients Compared to Healthy Controls
-----------------------------------------------------------------------------------------------

Major depressive disorder (MDD) has been associated with alterations of both the innate and the adaptive immune responses ([@B38]) and MDD patients often experience elevated levels of cytokines ([@B51]). Although it is difficult to find a consensus in the many different cytokines that have been reported to be altered in MDD patients in various studies, the levels in both blood and cerebrospinal fluid (CSF) of TNFα, IL-6 and IL-1β have very often been found to be significantly elevated in individuals with MDD compared to healthy controls ([@B119]; [@B108]; [@B208]; [@B148]; [@B82]; [@B113]; [@B45]; [@B76]; [@B64]; [@B98]). In addition to these three pro-inflammatory cytokines, elevated levels of several anti-inflammatory cytokines \[IL-2, IL-4, IL-10, transforming growth factor β (TGFβ)\] have also been associated with MDD ([@B104]; [@B75]; [@B202]; [@B49]), whereas other cytokines, such as sIL-2R, CCL-2, IL-13, IL-18, and IL-12, have been found to be elevated in the blood of MDD patients in a few studies ([@B117]; [@B96]; [@B135]; [@B156]; [@B97]). In addition, the acute phase protein, C-reactive protein (CRP), which is an innate immune marker reflecting peripheral inflammation, correlates with central inflammation, and is associated with depressive symptom severity ([@B50]). Overall, these findings suggest a general induction of cytokine production in MDD patients. However, not all cytokines have been shown to be elevated in MDD. For example, interferon (IFN)γ was often found to be lower in MDD patients compared to healthy controls ([@B75]; [@B56]; [@B80]). In addition to being elevated in the blood and CSF of MDD patients, there is also evidence that cytokines elevated in the brains of MDD patients. Post-mortem measurements of brain tissue samples from Broadman area 10 (frontal cortex) showed significant increases of IL-1α, IL-2, IL-10, and IFNγ mRNA levels in suicide completers ([@B190]).

The presence of elevated levels of cytokines in MDD patients raises the question of whether inflammation causes depression or is a consequence of the disease. The literature suggests a bidirectional relationship between depression and inflammation: inflammation is capable of inducing depressive-like symptomatology and depressive-like behavior is associated with elevated cytokine levels ([@B38]). Thus, for example, elevation of certain cytokines has been associated with the severity of MDD ([@B113]) and in a prospective study of geriatric patients with no psychiatric history, the elevation of cytokines preceded the onset of depressive symptoms ([@B8]). In the Avon Longitudinal Study of Parents and Children birth cohort, higher serum concentration of IL-6 at 9 years old predicted the likelihood of developing MDD symptoms at 18 years old ([@B95]) and another longitudinal study found a similar association ([@B59]). Consistent with the notion that a low grade inflammation might increase susceptibility to MDD, healthy volunteers receiving a low dose of lipopolysaccharide (LPS), which triggers cytokine production, exhibit depressive symptoms whose severity correlated with cytokine production ([@B167]). Furthermore, IFNα infusion therapy is associated with 30--50% of patients developing depression, in a dose-dependent manner ([@B24]). Moreover, many inflammatory diseases, such as multiple sclerosis, are co-morbid with depression with an estimation of 60--80% of multiple sclerosis patients exhibiting depression ([@B22]; [@B159]). Other diseases with an inflammatory component such as diabetes mellitus ([@B6]) and coronary artery disease ([@B176]) have been shown to have a high prevalence of comorbidities with depression. Similar findings were reported in mice where higher inflammation is associated with depressive-like behaviors ([@B71]; [@B149]). Additionally, psychological stress ([@B120]) that often triggers depression is sufficient to induce pro-inflammatory responses. Taken together, depression is accompanied by significant changes of cytokine production which indicate activation of the inflammatory response in MDD patients, and inflammation appears to promote susceptibility to depression as well as to be induced by depression.

Mechanisms Regulated by NF-κB and GSK3 Contributing to Inflammation in Depression
---------------------------------------------------------------------------------

Although changes in cytokine production in MDD are well-established, the mechanisms whereby these cytokines are produced in MDD patients remain largely unknown. Multiple mechanisms likely contribute to inflammation in depression. Mechanistic studies in rodents have shown the importance of a few key pathways in controlling cytokines production. Among these, here we will focus on nuclear factor-κB (NF-κB) and glycogen synthase kinase 3 (GSK3) pathways, which are predominant molecular pathways regulated by stress.

### TLR4/GSK3/NF-κB

One of the major pathways regulating the production of most cytokines after infection, injury or stress is the TLR4 pathway. TLR4 is a pattern-recognition receptor that leads to activation of the transcription factor NF-κB to increase the production of many cytokines. TLR4 is activated following recognition of microbial peptides (such as LPS) after infection or endogenous molecules (HMGB1, heat shock proteins, ATP) that are released after cellular damage or psychological stress. Although TLR4s are most well-recognized as being expressed by innate immune system cells, they are also expressed by neurons and glia ([@B195]). Altogether 10 functional human TLRs have been identified (12 in mice) and among these, TLR4 has been most repeatedly linked with the induction of inflammation following psychological stressors ([@B91]). TLR4 activation up-regulates its own expression, and elevations of TLR4 mRNA and protein have been detected in both the periphery and CNS of MDD patients ([@B84]). Furthermore, successful treatment of MDD restores levels of TLR4, pointing toward a role for TLR4 in MDD patients ([@B160]). In addition, TLR4 ligands (e.g., HMGB1) are induced by stress in animal models of depression ([@B54]). Stress has also been shown to promote NF-κB activation, which likely results at least in part from activation of TLR4 ([@B29]). Another important link in the TLR4 pathway is GSK3. Indeed, TLR4-mediated cytokine production is highly dependent on active GSK3 ([@B125]). GSK3 promotes NF-κB activation and NF-κB-dependent production of proinflammatory cytokines, whereas GSK3 inhibits cAMP response element binding (CREB)-dependent production of anti-inflammatory cytokines ([@B125]), so GSK3 activation, which occurs after many types of stress, favors proinflammatory responses. Furthermore, GSK3 is activated in post-mortem brains from MDD patients and in mice exhibiting depressive-like behaviors ([@B12]; [@B13]), and most antidepressant drugs inhibit GSK3 ([@B13]). In addition, GSK3 promote IFNγ-dependent indoleamine 2,3-dioxygenase (IDO) expression by modulating the Janus kinase (JAK)/signal transducer and activator of transcription (STAT) pathway in dendritic cells ([@B147]). This might also be mediated by NF-κB because non-canonical NF-κB signaling is required to induce IDO in dendritic cells by modulating the JAK/STAT pathway ([@B203]). Altogether this suggests another potential role of both GSK3 and NF-κB in promoting depressive-like behavior by modulating IDO. Therefore, GSK3 is an important hub linking stress, inflammation, and depression via the TLR4--GSK3--NF-κB signaling axis.

### Inflammasome

The inflammasome pathway is selectively responsible for the production of IL-1β and IL-18 and is part of the innate immune response that contributes to cytokine production. It is a cytosolic complex, composed of Nod-like receptor (NLR), caspase-1, and apoptosis-associated speck-like protein containing C-terminal caspase recruitment domain (ASC)-1. Once activated, this complex leads to the caspase-1-mediated cleavage of pro-IL1β or pro-IL-18 to produce active IL-1β and IL-18 ([@B55]). Among the NLR subtypes, the NLR protein 3 (NLRP3) inflammasome has often been studied in the context of CNS inflammation related to stress and depression. The NLRP3 inflammasome requires a two-step process to produce cytokines, consisting first of the assembly of a primed inflammasome with procaspase-1 followed by activation of the inflammasome involving cleavage, and thereby activation, of procaspase-1. Thus, HMGB1, for example, induces the assembly of the NLRP3 inflammasome by activating TLR4 ([@B55]). The NLRP3 inflammasome is then activated by another or the same signal (e.g., HMGB1, ATP, heat-shock proteins) ([@B142]; [@B55]). NLRP3- and caspase-1-deficient mice are resilient to depressive-like behavior, indicating that inflammation caused by activation of the NLRP3 inflammasome regulates susceptibility to depression-like behaviors ([@B4]; [@B86]; [@B222]). In contrast, antidepressant drugs prevent inflammasome activation ([@B2]). In addition, MDD patients have increased expression of NLRP3 and caspase-1 in circulating immune cells, suggesting that the NLRP3 inflammasome is activated in MDD patients, which correlates with increased levels of IL-1β and IL-18 in MDD patients ([@B3]). Interestingly, the inflammasome assembly is controlled by both NF-κB and GSK3 ([@B63]; [@B91]). Thus, the inflammasome is primed by a NF-κB-dependent signal ([@B63]). Moreover, in lupus nephritis, GSK3 activates NLRP3 and therefore, IL-1β production, and psychological stress activating GSK3 induces the NLRP3/IL-1β pathway ([@B114]; [@B29]). It remains to be determined if GSK3 actions on the inflammasome are NF-κB dependent.

### HPA Axis

The hypothalamus--pituitary--adrenal (HPA) axis activation is the main response to stress. It is a complex interaction between the paraventricular nuclei of the hypothalamus, the pituitary gland, and the adrenal glands, a major neuroendocrine system that controls many functions, such as digestion, immune responses, and mood and emotions. In response to stress, corticotropin-releasing factor (CRF) is released, which initiates a cascade of events comprising the release of adrenocorticotropic hormone (ACTH) leading to the production of glucocorticoids (cortisol in humans, corticosterone in rodents) from the adrenal glands ([@B74]). The HPA axis is finely tuned in healthy individuals via negative-feedback since its activation leads to profound metabolic, physiologic, and immunologic changes across nearly all body systems, including the brain ([@B180]; [@B72]; [@B192]). Thus, glucocorticoids regulate the magnitude and duration of the glucocorticoids release. In addition, the HPA axis receives feedback from afferent projections from various brain regions, such as brain stem noradrenergic neurons. Glucocorticoids bind to the glucocorticoid receptor (GR), which is part of a multiprotein complex consisting of several heat shock proteins. Once activated upon binding of its ligand, the GR dissociates from the heat shock protein complex to migrate to the nucleus where it binds to DNA binding elements or interacts with other transcription factors, such as NF-κB. Two-thirds of MDD patients have elevated levels of circulating glucocorticoids ([@B200]), and genetic studies have identified polymorphisms and epigenetic changes in the GR and associated proteins ([@B154]; [@B142]). These modifications lead to a desensitization to cortisol ([@B74]). Yet, one of the functions of glucocorticoids is to inhibit the peripheral immune response by inducing amongst other actions, immune cell apoptosis and suppression of NF-κB signaling, which is the main pathway responsible for the production of cytokines ([@B195]). These findings produce a seemingly paradoxical situation in which depression is characterized by high levels of both cortisol and proinflammatory factors. In animal models of glucocorticoid insensitivity, immune cells become desensitized to the immunosuppressing effects of glucocorticoids ([@B192]), leading to higher levels of proinflammatory cytokines which further inhibit GR function ([@B195]; [@B142]). In addition, in rodents, GSK3, which is activated during depressive-like behaviors and which promotes proinflammatory cytokine production, also phosphorylates the GR, inhibiting its transcriptional activity ([@B170]). Furthermore, GSK3 knockin mice, which have constitutively active GSK3, also exhibit increased levels of glucocorticoids after exposure to stress ([@B158]). GSK3 is degraded upon glucocorticoid signaling activation, leading to the formation of adherens junctions and increased tight junction strength ([@B48]), which might favor the immune suppressive actions of the glucocorticoids. Altogether, glucocorticoids are important immunoregulators.

### Vagus Nerve

The vagus nerve is the tenth cranial nerve and is a complex nerve that innervates multiple organs through afferent and efferent fibers throughout the body ([@B25]). One major hub of vagal afferent termination is the nucleus tractus solitarius of the medulla which directly and indirectly innervates several regions of the brain associated with depression (e.g., limbic forebrain) and inhibits the HPA axis, reducing cortisol secretion ([@B151]). The vagus nerve functions as a brake slowing the heart, inhibiting the sympathetic and adrenal activity and ultimately reducing stress reactivity. The vagus nerve has been implicated in immune function. Thus, subdiaphragmatic vagal afferents provide information to the brain regarding visceral state. During inflammation with elevation of proinflammatry cytokines (IL-6, TNFα, IL-1β), the vagus nerve mediates in part the induction of sickness behavior ([@B39]), through immune cells (e.g., macrophages and dendritic cells) present in the perineural sheath of the vagus nerve ([@B38]) that relay the inflammatory signal to the brain. Consistent with this, cytokines elevated by LPS administration activate brain regions downstream of vagal afferent input (e.g., brainstem, hypothalamus, and limbic structures) and sectioning of the vagus nerve abolishes LPS-induced sickness behavior despite an elevation of cytokines ([@B155]). This suggests that afferent terminals of the vagus nerve sense peripheral inflammation and affects depression-associated brain regions that may contribute to behavioral and neuroendocrine changes observed in MDD patients. Reciprocally, stimulation of the vagus nerve is associated with reduced production of proinflammatory cytokines (IL-6, TNFα, and others) ([@B11]), which has been named the "inflammatory reflex." The latter is mediated by cholinergic signaling and regulated by the afferent fibers of the vagus nerve ([@B155]). Cholinergic signaling through α7-nicotinic acetylcholine receptors expressed on immune cells inhibits NF-κB-dependent proinflammatory cytokine (e.g., IL-1β and TNFα) secretion by macrophages, T cells, and dendritic cells ([@B155]). These effects may contribute to the efficacy of chronic vagal nerve stimulation as a treatment in patients with treatment-resistant depression ([@B25]). Overall, the vagus nerve serves the brain-immune axis as a centrally controlled inflammation rheostat. GSK3 has been shown to mediate parasympathetic dysfunction in a diabetic mice model ([@B226]), and to promote neuropathic pain, whereas GSK3 inhibition ameliorates neuropathic pain by reducing proinflammatory cytokines, and increasing serotonergic and catecholaminergic pathways ([@B128]).

Effects of Inflammation on Brain Functions
------------------------------------------

Neuroinflammation is a condition of elevated levels of pro-inflammatory cytokines in the CNS, and is induced in response to psychosocial stress as well as infection or injury ([@B169]; [@B189]; [@B9]; [@B107]; [@B166]). Acute neuroinflammation is often beneficial and neuroprotective following infection or injury of the CNS ([@B17]; [@B107]). For example, following injury peripheral immune cells, such as monocytes and lymphocytes ([@B201]; [@B218]), and microglia ([@B17]), are recruited to the site of insult by chemokines ([@B165]). Once recruited, the cells act to resolve the insult in part by phagocytosing cellular debris caused by damage, and releasing anti-inflammatory cytokines and neurotrophic factors, promoting neurogenesis and synaptogenesis, overall fostering recovery after neuronal damage ([@B127]; [@B17]; [@B107]). However, excessive or prolonged neuroinflammation is detrimental to CNS functions, impairing learning and memory, inhibiting long-term potentiation, decreasing neurogenesis, and altering dendritic spine density ([@B16]), synaptic plasticity, and synaptic scaling ([@B87]; [@B129]; [@B223]; [@B30]; [@B100]; [@B62]; [@B213]). Additionally, chronic neuroinflammation leads to decreased production of brain-derived neurotrophic factor (BDNF) by neurons and astrocytes which may impair neurogenesis in the dentate gyrus of the hippocampus ([@B179]; [@B90]) and alter neuronal functional integration ([@B87]; [@B223]). Neuroinflammation increases the production of neurotoxic factors such as reactive oxygen species ([@B218]) and glutamate leading to excitotoxicity, increases BBB permeability ([@B153]) allowing inappropriate peripheral immune cell infiltration into the CNS ([@B116]), and perpetuates further production of pro-inflammatory cytokines ([@B107]). Altogether, these processes cause damage to neurons, impairing neurogenesis and healthy synaptic connectivity in both the adult ([@B40]) and developing brain ([@B68]). Overall, excessive or prolonged neuronflammation is associated with pathogenicity in multiple neurological diseases, including mood disorders ([@B19]).

Interactions Between Antidepressant Actions and the Immune Response Of Depression
=================================================================================

Effects of Antidepressants on Cytokine Levels in Depressed Patients and in Mouse Models of Depression
-----------------------------------------------------------------------------------------------------

Major depressive disorder is associated with inflammation, and antidepressant treatments are generally thought to shift the balance toward anti-inflammatory responses ([@B196]; [@B118]; [@B106]; [@B103]) leading to an overall normalization of cytokine levels to healthy control levels ([@B119]; [@B208]; [@B148]; [@B82]; [@B66]). However, the role of antidepressant medications in regulating cytokine production differs according to the class of antidepressant used. Thus, selective serotonin reuptake inhibitors (SSRIs) seem to reduce IL-1β, IL-6, and TNFα, whereas serotonin and norepinephrine reuptake inhibitors (SNRIs) can have proinflammatory effects, increasing in particular TNFα and IL-6 levels ([@B157]) consistent with the proinflammatory effects of norepinephrine on innate immune cells ([@B205]). Moreover, sertraline (SSRI) therapy decreases IL-12 levels but increases IL-4 and TGFβ levels in responders ([@B202]). Amitriptyline \[tricyclic antidepressant (TCA)\] therapy in MDD patients is associated with decreased TNFα ([@B79]), whereas desipramine, increases IL-10 in MDD patients but does not affect pro-inflammatory cytokines ([@B172]). In addition to decrease proinflammatory cytokine levels, acute antidepressant treatment can increase anti-inflammatory cytokine levels (e.g., IL-1ra, IL-10, TGFβ) ([@B185], [@B186]; [@B121]; [@B174]). In mice, antidepressants also inhibit LPS- ([@B150]) or cytokine-induced depressive-like behaviors ([@B225]), whereas antidepressant medications have also been shown to increase proinflammatory cytokines in mice ([@B216]).

Conversely, blocking proinflammatory cytokines provides antidepressant effects. Thus, FDA-approved monoclonal antibodies and other cytokine inhibitors, approved for other inflammatory conditions, to block individual cytokines in MDD patients, provide significant antidepressant effects in some cohorts of MDD patients ([@B93]). Thus, TNFα inhibitors such as adalimumab ([@B115]; [@B134]), etanercept ([@B210], [@B209]), or infliximab ([@B161]); IL-12/IL-23 antagonists ([@B105]); IL-6 antagonists ([@B93]); or IL-4Ra antagonists ([@B194]) are more efficacious than placebo in the treatment of MDD. Taken together, modulation of pro-inflammatory and/or anti-inflammatory cytokines might provide antidepressant actions and antidepressant medications might shift the balance toward anti-inflammatory responses.

Modulatory Effects of Cytokines on Therapeutic Responses to Antidepressants
---------------------------------------------------------------------------

Antidepressant resistance has often been associated with an activation of the inflammatory system. Thus, MDD patients displaying inflammation prior to treatment are less responsive to antidepressants ([@B138]), or lithium ([@B196]). Furthermore, IL-6 levels, but not TNFα, prior to treatment with amitriptyline predict the patient response ([@B106]; [@B103]; [@B10]). Altogether, response to antidepressant treatments is impaired by certain proinflammatory cytokines, and can be overcome by co-administering anti-inflammatory drugs ([@B99]). The results of a meta-analysis supported the notion that adjuvant anti-inflammatory therapy in addition to antidepressant treatment of depression can provide significant clinical benefit ([@B99]). However, non-steroidal anti-inflammatory drugs (NSAIDs) might not be the optimal anti-inflammatory approach to use, as in the SADHART study, all patients receiving NSAIDs continued to exhibit cytokine elevations ([@B61]). Recent findings point toward potential cytokine biomarker for antidepressant response. Thus, higher level of IL-17A predicts better outcomes in the response to bupropion and SSRI combination therapy ([@B88]). Furthermore, levels of CRP predict treatment response differentially according to the antidepressant. Thus, low level of CRP predicts better response to escitalopram, whereas high level CRP is associated with better outcome with nortriptyline ([@B211]). Overall these findings suggest that cytokine levels may influence a patient's response to antidepressant treatment.

Conclusion
==========

Inflammation, mainly cytokine production, has become an accepted part of the etiology of MDD, however, the role of the cytokines in promoting depression remains unclear. Targeting cytokines seems to provide some clinical benefits, but unless the immune response is better characterized in MDD patients, attenuating cytokine production in MDD patients might remain challenging.
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